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Abstract The expression of the “glanded-plant and
glandless-seed” trait was assessed using High Perfor-
mance Liquid Chromatography (HPLC) analysis
methods in different Gossypium hybrids obtained by
crossing Australian diploid cottons and various dip-
loid and tetraploid species. Significant variation in the
gossypol content in the seed was observed among the
analyzed genotypes. HPLC data demonstrated that the
gossypol synthesis repression mechanism in the Aus-
tralian diploid species belonging to C and G genomes
was dominant but did not confirm its preferential
functioning against A genome species bearing GL,
locus. About 10% of the produced seeds had total
gossypol content lower than the limit imposed by the
World Health Organisation (600 ppm) for the use of
cotton flour in food and feed. HPLC analysis of the
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terpenoids aldehyde (TA) contents in the aerial parts
of the hybrids showed important qualitative and quan-
titative variability. This result could indicate a certain
separation between pigment gland morphogenesis
and terpenoid synthesis mechanisms in cotton.
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Abbreviations
G Gossypol
HPLC High Performance Liquid Chromatography

H, Heliocide 1

H, Heliocide 2

H, Heliocide 3

H, Heliocide 4

HG High glanding

HGQ Hemigossypolone

TA Terpenoids aldehyde

TTA  Total terpenoids aldehyde

€ Molar extinction coefficient

HRS [2(G. hirsutum x G. raimondii) x
G. sturtianum]

Introduction
The presence of lysigenous glands filled with gossy-

pol and other terpenoid aldehydes (TA) in most tis-
sues of cultivated cotton induces natural resistance to
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insect pests (Altman et al. 1990) Most studies regard-
ing the TA composition and content in Gossypium
species indicated the existence of differences between
foliar and seed TA. High Performance Liquid Chro-
matography (HPLC) analysis results showed that gos-
sypol is the main TA in seed but not in foliar glands.
Hemigossypolone and the heliocides constitute up to
90% of the total TAs in leaves and up to 45% in
flower buds (Altman etal. 1989; Stipanovic et al.
1988).

The TA content in cotton species (Gossypium spp.)
is controlled by at least six independent loci, namely
gl;, gly, gl;, gly, gls and gl (Pauly 1979). The forma-
tion of gossypol glands in tetraploid upland cotton
(G. hirsutum) is controlled by two main alleles GI,
and GI; (5) and seed glanding is determined mainly
by the GI, allele (Lee 1965; Pauly 1979; McCarty
etal. 1996). McMichael (1954) reported two reces-
sive mutant allele’s g/, and g/; which completely
removed pigment glands from the whole plant, and
resulted in nontoxic cottonseed when they were
simultaneously present in a recessive homozygous
state.

Among the 50 species of Gossypium, the “gland-
less-seed and glanded-plant” trait is found only in
some Australian wild species belonging to Sturtia and
Hibiscoidea sections (Brubaker et al. 1996). All the
Australian native diploid species belonging to these
sections such as G. sturtianum and G. australe present
this natural trait which means they produce seed with-
out visible pigment glands but still possess foliar gos-
sypol glands that endow them with a certain level of
protection against herbivores. These Australian cot-
tons of C and G genomes are however phylogeneti-
cally remote from upland cotton. In these plants, the
genes involved in gossypol gland formation appear to
be controlled by a repressive mechanism which acts
until the cotyledons open and the young plantlets
begin to synthesize chlorophyll (Fryxell 1965). After
the formation of the chlorophyll all aboveground parts
of the plant, issued from glandless seed, are glanded.
To date, the functioning of this repressive mechanism
and its genetic determinism in the Australian wild spe-
cies remains unknown. Recent works using SSR
markers to monitor introgression the “glandless seed
and glanded plant” trait in a trispecific hybrid indi-
cated that the trait may be controlled at least by two
major genes (Benbouza et al. 2007). The quantifica-
tion of the “glanded-plant and glandless-seed” trait is
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generally made either visually (level of glanding) or
chemically (quantification of TAs content).

Shuijin and Biling (1993) have evaluated visually
the expression of the “glandless-seed and glanded
plant” trait on seeds produced by a synthetic allotetra-
ploid obtained by crossing G. bickii (2n = 2x = 26,
genome G) with G. arboreum (2n = 2x = 26, genome
A). The seeds were completely glandless and gave
rise to glanded seedlings.

Dilday (1986) identified a fertile allohexaploid
(2n =78) in Muramoto’s original material (Muramoto
1969). This allohexaploid was obtained by an interspe-
cific cross of tetraploid (2n = 52) G. hirsutum x a wild
diploid species G. sturtianum Willis (2n =26). The
material showed a phenotype having “glandless-seed
and glanded-foliage”. The glandless phenotype had
only 0.02% seed gossypol. Most of the pentaploids
obtained by crossing G. hirsutum with G. sturtianum
Willis or G. australe F. von Muller had lower seed
gossypol content than the cultivated parent and a nor-
mal gossypol concentration in the other parts of the
plant (Muramoto 1969; Dilday 1986; Koto 1989).

Altman etal. (1987) obtained BC, seeds with
no gossypol glands using the 2(G. hirsutum x
G. sturtianum) hexaploid but the trait was not trans-
mitted to the progeny; this characteristic was also not
observed in any of the monosomic alien addition fam-
ilies obtained by crossing G. hirsutum with Australian
species (Koto 1989; Rooney et al. 1991; Ahoton et al.
2003).

Vroh Bi et al. (1999) developed two triple hybrids
involving G. hirsutum and G. sturtianum using
either G. thurberi Torado (2n = 2x = 26, genome D)
or G. raimondii Ulbrich (2n = 2x = 26, genome D)
as a bridge species. The backcrossing of the HRS
hybrid  [(G. hirsutum x G. raimondii)  doubled
x G. sturtianum] gave rise to BC;, BC,, BC; and
BC,S, derivatives from seeds presenting very low
densities of gossypol glands on their kernels.

Sunilkumar et al. (2006) recently reported another
attempt to eliminate gossypol in seeds. Using RNAi
techniques they produced F2 transgenic plants with
0.1 pg/mg seed gossypol, while maintaining gossypol
and related terpenoids in the foliage and floral parts of
the plant. This technique represents another possible
way to modify seed gossypol, but further testing is
still needed to confirm the expression in advanced
generations of the terpenoid biosynthesis disruption
in the seed.
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The objective of this study was to evaluate the
expression of the glandless-seed and glanded-plant
trait in different genetic backgrounds involving
G. hirsutum, three diploid species and eight different
interspecific hybrids in order to better understand its
determinism and assess the consequences of its intro-
gression into G. hirsutum on TA content and compo-
sition in upland cotton seed and aerial organs.

Materials and methods
Plant materials

The seeds used in our investigations were produced
by selfing 12 distinct genotypes (with different
genetic backgrounds) maintained in the cotton collec-
tion of the Gembloux Agricultural University: one
variety of G. hirsutum [(2n =4x =52, 2(A,Dy)] (cv.
STAM F) originating from West Africa; one acces-
sion of G. thurberi (2n=2x =26, 2D,); one acces-
sion of G. raimondii (2n=2x=26, 2Ds); one
accession of G. sturtianum (2n =2x =26, 2C,); one
synthetic allohexaploid : (G. hirsutum x G. sturtianum)
doubled (2[A,D,C,]); three synthetic allotetraploids :
(G. arboreum L. x G. sturtianum) doubled (2[A,C,]),
(G. thurberi x G. sturtianum) doubled (2[D,C,]),
(G. australe x G. davidsonii Kell.) doubled (2[G,D5 ,]);
four plants obtained by backcrossing the HRS
[(G. hirsutum x G. raimondii)  doubled x G. sturtia-
num], [A,D;DsC,]) trispecific hybrid to G. hirsutum :
HRS BC,S,/09, HRS BC,S,/14, HRS BC5/09 and
HRS BC5/13. All these genotypes were characterized
by very different levels of seed glands and the BC,S,
and BC; plants from the HRS trispecific hybrid were
chosen for their ability to produce progenies segre-
gating for this trait (Vroh Bi et al. 1999).

Seed glands counting technique and surface
evaluation

Before being analyzed by HPLC, each seed was cut in
two longitudinal sections after removal of the tegu-
ments in order to assess its total number of glands (N)
per section and its section area (S in mm?). These
operations were carried out with a Nikon Eclipse
E800 light and fluorescent microscope (Nikon,
Tokyo, Japan) using a JVC-3-CCD color video
camera (JVC, Tokyo, Japan) and the Archive Plus

program from Sony (Sony Electronics, NJ, Park
Ridge, USA) to capture and analyze the images.

Evaluation of pigment gland density on aerial parts

All plants were at least 1 year old and some of the
arborescent species were older than 6 years. Since the
studied genotypes were perennials with cyclical
growth, 10 leaves and flower buds were selected from
all of them at a similar growth stage. Number of pig-
ment glands was evaluated five times on randomly
selected squares of 25, 8, and 15 mm?, for leaves,
calyx, and bract, respectively. These observations
were carried out with the same scientific equipment
used for gossypol gland counts on seeds. Simple cor-
relation coeflicients were calculated between the
number of gossypol glands on leaves and flower buds
and their total terpenoids aldehyde content (TTA).

Assessment of seed by seed gossypol content

The HPLC method optimized by Benbouza et al.
(2002) was used to quantify the gossypol content on
single seed samples. After being peeled, cut and
weighed the seeds were ground in graduated 20 ml
tubes with 10-15 ml of liquid nitrogen and 0.5-1 ml
of glacial acetic acid. After the cryo-grinding, sam-
ples of seeds were hydrolyzed for 10 min in boiling
water bath at 100°C with 4 ml of glacial acetic acid.
At the same time, two samples (1-2 mg) of standard
gossypol (Sigma ref. G-8761, St. Louis, MO, USA))
were treated similarly. The solutions were filtered
through silanized glass wool into 20 ml volumetric
flasks. The residues were rinsed three times with 2—
3 ml of a water/acetonitrile (50:50; V/V) mixture; the
recovered solutions were diluted up to 20 ml and
homogenized carefully. The samples were then left at
room temperature for 3 h before being filtered twice
through a 0.20 pm nylon membrane (MSI).

The samples were directly analyzed on a Merck
Hitachi L 6200 chromatograph (Hitachi Ltd., Tokyo,
Japan) equipped with a Merck Hitachi L 4000 UV.
The chromatographic signals were integrated on a
Hewlett Packard HP 1000 integrator (Hewlett Pack-
ard, USA). Other analytical conditions were fixed as
follows:

— Column: inertsil 5 pum ODS-3 from Chrompack
(The Netherlands); (100 x 3 mm).
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— Mobile phase: acetonitrile/water (acidified to
pH =2.6 with phosphoric acid) 88:12 (V/V) at
flow rate of 0.5 ml min~".

— UV detection at 272 nm.

— Duplicates of 20-pl injections were made for all
samples. The standard curve for gossypol was con-
structed from triplicate determinations each for

gossypol quantities of 0.5, 1, 1.5 and 2 mg.

HPLC determination of foliar terpenoids aldehyde
(TA)

The HPLC procedure proposed by Stipanovic et al.
(1988) was used for analyzes. The number of replica-
tions per organ analyzed varied from 1 to 10 accord-
ing to the studied genotypes. Samples of dried leaves
and flower buds were ground to a powder. Samples of
100 mg were shaken (225 rpm) for 30-min in capped
125 ml Erlenmeyer flask with 15 ml of glass beads,
10 ml of 3:1 hexane:ethyl acetate (HEA), and 200 pl
of 10% HCL (HOAc) (v/v) (for leaves) or 100 pl of
10% HCL (for flower buds). The solution was filtered
through Whatman No. 1 filter paper supported on a
fritted filter disk into a 50 ml pear-shaped flask, and
the beads and residue were rinsed three times with
2-3 ml of HEA. The solvent was evaporated under
reduced pressure in a Biichi at 30°C. The residue was
resuspended with HEA (4 x 150 pl), and each por-
tion was transferred to a Maxi-clean silica cartridge
(600 mg) (Alltech). The cartridges were dried with a
gentle stream of nitrogen, and then terpenoids were
eluted with 5 ml of isopropyl alcohol (IPA), acetoni-
trile (ACN), water, and ethyl acetate (EtOAc)
(35:21:39:5) (v/v/vIv). The eluent was filtered through
a 0.22 pm nylon membrane (MSI), and a 1 ml aliquot
was transferred to a vial and sealed. The samples were
analyzed as soon as possible after extraction because
they were found to degrade with time.

Samples were analyzed on a Hewlett-Packard HP
1050 liquid chromatograph equipped with a diode
array detector and a HP auto injector using a
125 x 4 mm 100 RP-18 (5 pm) (Merck Lichrospher)
column. A mobile phase of ethanol-methanol-isopro-
pyl alcohol (IPA)-acetonitrile-(ACN) water—ethyl—
dimethylformamide and phosphoric acid (16.7:4.6:12.1:
20.2:37.4:3.8:5.1:0.1) (v/v/v/vIvivIvIv) was monitored
at 272 nm at a flow rate of 1 ml min~'. Duplicate
20 pl injections were made for all samples. The
analytical procedure was first optimized by changing
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the composition of the mobile phase and the elution
temperature.

To be able to identify the peaks and to quantify the
content of the gossypol and the heliocides in the
extracts of leaves and flower buds, we used two pure
standards: gossypol (SIGMA. Ref. G-8761) and
hemigossypolonne (HGQ used only for identification,
because of the very small quantity available). This
standard was kindly provided by Dr. R. Stipanovic
(USDA-ARS, College Station, USA). The identifica-
tion of the heliocides (H, to H,) was performed on the
basis of their relative retention data (gossypol as ref-
erence) and their UV spectrum. The calculation of the
molar extinction coefficient (¢) of the gossypol
(¢ =518.54) in comparison with that of the heliocides
found in the literature enabled us to quantify the iden-
tified heliocides as “gossypol equivalent” on the basis
of a calibration curve established with a solution of

gossypol.

Results

Seed gland density and quantification of seed
gossypol content using the seed-by-seed
HPLC method

Table 1 presents the results obtained from the obser-
vations made on the section of the seeds used to
assess gossypol content with the seed-by-seed HPLC
analysis method. For genotypes BC;S,/09 and BC,S,/
09, we noted a reduction in the number of gossypol
glands on the external tissues of the whole seed ker-
nel, compared with the gossypol gland density
observed in the parental species (G. hirsutum and
G. raimondii) of the HRS trispecific hybrid.

The allotetraploids 2(G. thurberi x G. sturtianum),
2(G. arboreum x G. sturtianum), 2(G. australe x G. da-
vidsonii), and the synthetic allohexaploid 2(G. hir-
sutum x G. sturtianum), which include all the
chromosomes of the wild Australian species in their
genome, also showed a significant reduction in the
number of gossypol glands (Table 1).

The same tendency was observed for gossypol
content quantification using the seed-by-seed HPLC
analysis method (Table 1). All the analyzed hybrids
showed a reduction in the seed gossypol content
compared to their non-Australian parent. For
the allotetraploids 2(G. thurberi x G. sturtianum),
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Table 1 Results of gland counts and seed gossypol content (%)
assessment

Genotypes n  Average number  Gossypol

of glands per mm? content (%) =+ sd

G. hirsutum cv. 16 5.36 0.97 £ 0.18
STAM F

G. raimondii 6 973 2.33+0.34

G. thurberi 7 12.32 2.58 £ 0.58

G. sturtianum 9 0 0

2(G. hirsutum x 7 1.76 0.03 £ 0.01
G. sturtianum)

2(G. thurberi x 9 197 0.01 £ 0.01
G. sturtianum)

2(G. arboreum x 6 1.57 0.01 £ 0.00
G. sturtianum)

2(G. australe x 16 6.04 0.26 £+ 0.05
G. davidsonii)

BC,S,/09 16 2.77 0.33 +£0.22

BC,;/09 19 3.28 0.54 £ 0.19

BC,S,/14 11 3.47 0.43 £ 0.15

BC,/13 17 433 0.71 £0.18

n, Seed number; sd, standard deviation

2(G. arboreum x G. sturtianum), and the synthetic
allohexaploid 2(G. hirsutum x G. sturtianum) the
seed gossypol content was lower than 0.05%. How-
ever, it was higher than this in the allotetraploid
2(G. australe x G. davidsonii). The best segregating
genotypes of the trispecific hybrid HRS, were the
BC,S,/09 and BC5/09 with 0.33% and 0.54%, respec-
tively. The correlation coefficient we calculated
between the seed kernel gossypol content and the pig-
ment gland density on the embryo was very high
(r=0.906, P <0.001) indicating a coupling of these
two parameters.

Quantification of pigment gland density
on aerial parts

Table 2 presents the results obtained from gland
counting observations made on the aerial parts. Pig-
ment glands were present on all vegetative parts of
the genotypes evaluated in this study. On leaves, the
gossypol glands of G. raimondii had purple orange
color. Those of G. hirsutum were smaller with black
color and were denser than those of G. sturtianum,
which had a black purple color. Evaluation of gland
density highlighted a great variability between vari-
ous plants and organs on the same plant, within cross-

Table 2 Results of gland counts on aerial organs

Genotypes Average number of gossypol glands

Leaves® + sd Bracts® +sd Calyces® + sd

G. hirsutum cv. 5844+08 184+1.0 155+1.3
STAMF

G. raimondii 824+£92 566+26 289+£13

G. thurberi 2248 £5.1 6224133 579+£2.1

G. sturtianum 634+66 726+18 298+1.6

2(G. hirsutum x 541+79 412422 187+0.8
G. sturtianum)

2(G. thurberi x 596+25 848+13 244418
G. sturtianum)

2(G. arboreum x 278+35 27.8+18 13.1+1.0
G.sturtianum)

2(G. australe x 31 7+£45 1414+£04 193+£1.0
G. davidsonii)

BC,S,/09 746+52 215+19 197413

BC,/09 3974+22 168+13 10719

BC,S,/14 86.8 £63 206+32 18.7+£05

BC,/13 377+26 13115 186404

2 Count of glands on 25 mm?
b Count of glands on 8 mm?
¢ Count of glands on of 15 mm?

sd, Standard deviation

ings and between different crossings. G. thurberi
exhibited a high gland density on the leaves and caly-
ces, while G. hirsutum had the lowest density on all
evaluated organs, compared to the other species
(Table 2).

The allotetraploid 2(G. thurberi x G. sturtianum)
expressed the highest density on all evaluated organs,
while 2(G. australe x G. sturtianum) had the lowest
density on bracts and 2(G. arboreum x G. sturtianum)
on calyces. Progenies of HRS notably BC,S,/09 and
BC,S,/14 plants exhibited a high density of gossypol
glands compared to the cultivated parent (G. hirsutum)
of the triple hybrid.

TA quantification on the aerial parts
Qualitative determination of the TA
Separation of individual terpenoid aldehydes (TA)
from each other is difficult considering that heliocides
are isomers and structurally very similar. The TAs
present in the leaves and flower buds have been iden-

tified by two distinct procedures:
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(1) A direct method based on retention times (RT)
measured by co-injection of the two available stan-
dards (HGQ or G; RT = 2.58- and 10.38-min, respec-
tively). The RT of the standard gossypol and of the
hemigossypolone were in close agreement with those
obtained by Altaf et al. (1999): 2.51- and 10.37-min,
respectively. To corroborate the identification, leave
extracts and flower buds were spiked with a mixture
of the G and HGQ standards. The increase in their
corresponding peak areas confirmed the first identifi-
cations. Moreover, the recorded UV spectrum fitted
exactly with those of pure references. (2) The helio-
cides H,, H,, H; and H,, were identified by calcula-
tion of relative times retention (RT) with the gossypol
as reference. The values obtained were in perfect
agreement with those of Altaf et al. (1999).

Quantitative determination of the TA

The quantification of the TAs [ HGQ, G and helio-
cides (H;, H,, H; and H,)] was conducted by using a
calibration curve established with increasing amounts
of G. We then calculated the molar extinction coeffi-
cient (¢) of G in chloroform which was compared
with those of other heliocide published values (Stipa-
novic et al. 1978a, b). We found that ¢ values for the
various heliocides were of the same order of magni-
tude. ¢ G=31784; ¢ H, =31200; ¢ H, =28500; ¢

Table 3 Percentages and concentrations of TA present in leaves

H; =37700. For H, we hypothesized an ¢ value close
to that of H; because the structures of these two mole-
cules are very similar.

The first modification we made to the method was
the composition of the mobile phase. We obtained
acceptable separation of the peaks with 80% ethanol-
methanol—isopropyl alcohol (IPA)-acetonitrile-(ACN)
water—ethyl-Dimethylformamide and phosphoric acid
(16.7:4.6:12.1:20.2:37.4:3.8:5.1:0.1) and 20% acetoni-
trile. A temperature ranging from 35 to 55°C led to a
drastic decrease in column selectivity. Therefore, the
elution temperature was fixed at 25°C. Under this con-
dition, the run time for one analysis was 20 min.

Quantification of the TA content in leaves

Table 3 shows the results obtained by HPLC analysis
of TAs in leaves for all evaluated genotypes. The
results indicate very high qualitative and quantitative
variability between the investigated genotypes. For
G. hirsutum all investigated TAs were present
(Fig. 1). The heliocide H, was the predominant TA
and G was relatively low in quantity. G. raimondii
possessed the unique TA, the raimondal (95%)
(Table 3) and a very low content of G (Fig. 2), while
G. thurberi was notable for its high concentration of
TTA in which G was the dominant contributor
(42.1%), HGQ was the lower one (1.4%) and the

Genotypes a Mean (%) TTAI (%) TTA (pg/g)
HGQ G H, H, H, H,
G. hirsutum cv. STAM F 10 1.6 1.3 324 41 13.6 9.6 99.5 188.8 £27.4
G. raimondii (R =747.9) (94.9%) 6 - 0.6 - - - 95.5 790.8 £ 172.4
G. thurberi 1.4 42.1 - - - - 43.5 11353+ 1314
G. sturtianum 5 8.8 0.9 8.8 8.2 - 4 30.7 499.2 £73.5
2(G. hirsutum x G. sturtianum) 14.5 0.8 - 8.5 - - 23 582+ 539
2(G. thurber x G. sturtianum) 3/7 0.9 154 - - - - 16.3 1919 £ 119
2(G. arboreum x G. sturtianumt) 4 6.3 0.6 - 11.3 - - 18.2 303.8 +27.4
2(G. australe x G. davidsonii) 4 2.8 2.5 - - 2.3 4.3 11.9 349 +0.1
BC,S,/09 4 9.5 16.3 - - - - 25.8 73+04
BC4/09 4 22.8 29.2 - - - - 52 43+£03
BC,S,/14 4 28.2 34.1 - - - - 62.3 39+0.1
BC,4/13 4 - - - - - - -

a, Number of repetitions; —, not detected; TTA, total content terpenoid aldehydes; TTAI, total terpenoid aldehydes identified; G, gos-
sypol, HGQ, hemigossypolone, H,, H,, H;, H,, heliocides, R, raimondal; sd, standard deviation

% was calculated as a function of TTA
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Fig. 2 Chromatogram of G. raimondii leaf extract. Legend:
G—gossypol; R—raimondal

heliocides (H; to H,) were not detected.
G. sturtianum possessed HGQ, H; and H, TAs in
moderate quantities, while H; was not detected and G
occurred as a minor constituent.

All allotetraploids had moderate concentrations of
TTA but the tetraploid hybrid 2(G. australe x
G. davidsonii) showed a low quantity of TTA. HGQ
and G were present in all allotetraploids but helio-
cides presented qualitative differences (Table 3).
Heliocides H;, H; and H, were not detected in the
allohexaploid 2(G. hirsutum x G. sturtianum), while
HGQ had the highest percentage and G the lowest
one.

Progenies of the trispecific hybrid HRS exhibited
the lowest concentrations of TTA compared to the
other analyzed genotypes. TAs were not detected in
BC5/13 leaf extracts. HGQ and G were the unique
TAs present in leaves of BC;/09, BC,S,/09 and
BC,S,/14 plants; while heliocides H; to H, were not
detected in all progenies of the trispecific hybrid
HRS. In line with Altman et al. (1991) and Altaf et al.
(1999), we observed the presence of several unknown
compounds. Our results show that for G. thurberi,

G. sturtianum, allotetraploids and the allohexaploid,
unknown compounds represent more than half of the
six common TA content. Some of these compounds
are likely terpenoid. Further analyzes should be
undertaken to characterize these compounds. The
same observation can be made for the backcross
plants; however, the TTA contents were lower.

Quantification of the TA content in flower buds

The total concentration of TA (TTA) and the
percentage of HGQ, G and heliocides (H, to H,) in
flower buds of each genotype are given in Table 4.
G was the major constituent of all genotypes, except
for G. sturtianum with 3.58% and the allotetra-
ploid 2(G. arboreum x G. sturtianum) with 2.5%.
G. hirsutum possessed all the six TTA (Fig.3) in
moderate concentration, while heliocides were not
detected in G. sturtianum which had the lowest con-
tent of TTA. Species of genome (D) G. thurberi
(Fig. 4) and G. raimondii (Table 4) possessed a high
concentration of TTA, but heliocides (H, to H,) were
not detected. Allotetraploids showed high qualitative
and quantitative differences (Table4) and those
crossed with (D) genome species had the highest con-
centration of TTA. The allohexaploid 2(G. arboreum x
G. sturtianum) had a moderate percentage of all the
six TA with a predominance of H,. HRS derivatives
possessed moderate percentage of heliocides (H; to
H,); G was the most prevalent TA compound and the
concentration of TTA was similar to the cultivated
parent G. hirsutum. The BC,S,/09, BC,S,/14, BC;/09
and BC5/13 plants contained a high proportion of G
with, respectively, a mean rate of 40.4% and 37.8%.
The results given in Table 4 also indicate that
unknown compounds represented a high proportion
of TTA compared to the six common compounds (G,
HGQ and heliocides H;-H,) in all genotypes (Fig. 4).

Establishment of a relationship between the density
of pigment glands and the content of TAs in aerial
parts

In order to determine whether the chemical differ-
ences corresponded to a change in the number of pig-
ment glands on the evaluated organs, Pearson
correlation coefficients were calculated for several
variables. Significant positive correlation values were
obtained between the content of TTA and the number
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Table 4 Percentages and concentrations of TA present in flower buds

Genotypes a Mean (%) TTAI (%) TTA (pg/g) (sd)
HGQ G H, H, H, H,
G. hirsutum cv. STAM F 6 9.9 16.7 10 17.2 6.8 8 68.6 369.8 £+ 54.7
G. raimondii 3 6.7 65.1 - - - - 71.8 1622.1 £ 72
G. thurberi 3 0.6 66.6 - - - - 67.2 2011.8 £ 132.3
G. sturtianum 3 4.78 3.58 - - - - 8.28 264 +23.3
2(G. hirsutum x G. sturtianum) 2 11.9 13.9 4.3 - 8.3 10.2 47.3 641.6 £4.6
2(G. thurberi x G. sturtianum) 2 3.1 77.4 - - - - 80.5 2041.5 & 254.2
2(G. arboreum x G. sturtianum) 4 6.1 2.5 15.6 3.7 8 6.9 42.8 1358 £7.3
2(G. australe x G. davidsonii) 3 7 13.3 37.6 - - - 54.9 1169.6 &+ 64.3
BC,S,/09 5 6.6 40.3 5.5 6.2 1.9 39 71 393.4 +48.1
BC5/09 1 0.9 39.6 4.9 5.7 1.4 3.8 56.3 419.7
BC,S,/14 4 3 40.5 3.1 3.1 1.5 1.8 53 3752+ 13.6
BC,/13 3 3.8 36 1.8 35 2.4 3.8 51.3 310.1 £32.8

a, Number of repetition; —, not detected; TTA, total content terpenoid aldehydes; TTAI, total terpenoid aldehydes indentified; G, gos-
sypol; HGQ, hemigossypolone; H,, H,, H;, H,, heliocides; sd, standard deviation

% was calculated as a function of TTA

mAU ] a
140 4

10429 o

25 5 25 15 175 2 min
Fig. 3 Chromatogram of G. hirsutum cv. STAM F flower bud
extract. Legend: HGQ—hemigossypolone; G—gossypol; helio-

cides—H, to H,
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Fig. 4 Chromatogram of G. thurberi leaf extract. Legend:
G—gossypol

of pigment glands in leaves (r=0.727, P =0.08),
calyces (r=0.634, P=0.027) and bracts (r = 0.656,
P =0.021).
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Discussion

A high level of variability was observed for the chem-
ical composition and pigment gland density in all the
organs of the genotypes investigated. Several authors
have highlighted the great qualitative and quantitative
variation of TA content in different cotton species
(Altman et al. 1990, 1991; Altaf et al. 1999).

In this study, all the interpecific hybrids
[2(G. thurberi x G. sturtianum),  2(G. arboreum x
G. sturtianum), 2(G. australe x G. davidsonii), and
2(G. hirsutum x G. sturtianum)], and the progenies
of the HRS hybrid including the genome, C or G, of
the Australian wild diploid species produced seeds
with reduced number of gossypol glands and showed
a drastic diminution of gossypol seed content com-
pared to their non-Australian parent, while all the
vegetative parts of the plants were glanded. Which
indicates a partial expression of the glandless-seed
and glanded plant trait in all evaluated genotypes.
According to the U.S. Food and Drug Administration
(FDA), free gossypol content of edible cotton prod-
ucts should not exceed 450 ppm. The United Nation
Food and Agriculture and World Health Organization
(FAO/WHO) set maximum value of 600 ppm (Lusas
and Jividin 1987).

Content of TA vary among accessions of the same
species and also by stage of plant growth, the environ-
mental conditions (Stipanovic etal. 1988; Altman
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et al. 1989), and the organ type and size (Hedin et al.
1991). The TTA content we measured for the three
diploid species investigated and G. hirsutum are
three- to ten-fold lower than the data obtained by
Altaf et al. (1999) for the same species.

Presence of very low content of TTA in the leaves
of the HRS backcross derivatives was due to an
absence of the heliocides H;—H, in their organs that
was not compensated by a sufficient increase in the
quantity of unknown TA compounds. This reduction
of the TTA content occurred despite a high density of
pigment glands on leaves, notably on BC2S1/09 and
BC2S1/14 plants, compared to those observed in the
cultivated parent G. hirsutum. On the contrary, for
flower buds of the same genotypes, we observed that
a high level of gland density on bracts and calyces
was associated with a relatively high concentration of
TTA, compared to the cultivated parent.

Altman et al. (1990) obtained a significant reduc-
tion in HGQ and heliocides H,—H, content in the
hybrids resulting from interspecific crossing between
G. raimondii and three cultivars of G. hirsutum, com-
pared to the contents of the same compounds found in
the cultivated parent. This reduction was associated
with an increase in the gland density on the leaves of
the hybrids.

The relatively high value of the linear correlation
coefficient calculated between the number of glands
found on the leaves and the content of the TTA
(r=0.725, P=0.01) considering all the investigated
genotypes is, however, not in agreement with this
observation. This level of correlation indicates a cou-
pling of leaf-tissue TA content and glandulosity (Lee
1973; McAuslane and Alborn 1998).

Pauly (1979) indicates that it is difficult to deter-
mine exactly the function of the alleles controlling the
glandular character in the production and/or the stor-
age of the terpenoid, and he stressed that more than
one gene was responsible for the production of some
terpenoidic compounds.

Brubaker et al. (1996), in a study on the presence of
terpenoids and gossypol glands in seeds of the Austra-
lian species, proposed that the two mechanisms could
be independent. Benedict et al. (2004) discovered a
somaclonal variant where a decrease in terpenoid
products in seed and leaf tissues was not associated
with a reduction in number or size of glands.

In the flower buds the content of TTA was raised,
in particular that of the gossypol, compared with

those found in the two parental species (G. hirsutum
and G. sturtianum) of HRS hybrid.

Altman et al. (1990), indicated that the concentra-
tion of HGQ and heliocides (H;—H,) were weak in the
hybrids compared to those found in G. hirsutum,
whereas the content of gossypol was higher in the
hybrids.

This can indicate segregation or a repression of
expression of various genes controlling the biosynthe-
sis of the terpenoids. Expression of two dominant
alleles GL, and GL; is under the influence of the
genetic background in which they act. This genetic
background acts by repressor or modifying genes.
The transfer of alleles between species can lead to a
breakup of the original system (alleles of modifying
genes) and result in a reduction of the efficiency of the
alleles in the genetic background (Pauly 1979). The
genetic control of the glandless-seed and glanded
plant trait in Australian wild species such as
G. sturtianum remains unknown.

The content of TA measured, in this study, were
generally lower than the literature data. This could be
attributed to the cultivation conditions, the growth
stage of sampling and the specificity of the tested
genotypes. Altaf etal. (1999) observed a very high
variability in leaf TTA content among seven G. laxum
accessions cultivated in the same environment. The
results showed the occurrence of unknown com-
pounds in a relatively high proportion for several
genotypes. Some of these unknown compounds could
confer a specific resistance to cotton pests. Their terp-
enoic nature has not been established. Therefore,
additional investigation should be undertaken in order
to test this hypothesis. This study demonstrates that
selection must be conscientious in order to maximize
expression of the TAs in progenies.

Conclusion

Reductions of pigment gland density on the seed ker-
nel as well as the cottonseed gossypol content noted
in the allotetraploid and allohexaploid hybrids involv-
ing G. sturtianum and G. australe, indicate a partial
expression of the repressive mechanism(s) that
control the gene(s) involved in pigment gland
formation and gossypol synthesis. The effectiveness
of the repression mechanism varied depending on the
genome that was associated with the Australian

@ Springer



220

Euphytica (2009) 165:211-221

species. The seed gossypol content was much lower
for 2(G. thurberi x G. sturtianum), 2(G. arboreum x
G. sturtianum) and 2(G. hirsutum x G. sturtianum)
hybrids than for the allotetraploid 2(G. australe x
G. davidsonii).

A close coupling between the glandulosity of the
embryo and its gossypol content was observed for the
investigated genotypes. The same general trend was
observed between the pigment gland density in the
aerial tissues and the TTA content. Exceptions to this
correlation were, however, noted for the backcross
derivatives of HRS triple hybrid. In these genotypes,
a decrease in the TTA content was observed despite
the maintenance of a high number of pigment glands
per leaf and flower bud unit area. This observation
was in accordance with those of others (Altman et al.
1990; Brubaker et al. 1996). It indicates that separa-
tion between pigment gland morphogenesis and ter-
penoid synthesis mechanisms was possible in
particular situations.

The results obtained in this work show that the
exploitation of Australian wild species such as
G. sturtianum and G. australe offers interesting possibil-
ities for the introgression of the low-gossypol seed char-
acter into cotton commercial varieties. A cotton plant
having the high glanding (HG) character and expressing
low-gossypol seed would have economic importance.
The studied genotypes express a large variability for
gland densities in seeds and in the vegetative parts
which can be exploited by breeders. Moreover, HPLC
analysis reveals quantity and quality diversity of TA
present in leaves and flower buds among different
genetic backgrounds which supports the evidence for
quantitative control of TA synthesis. Thus, terpenoid
introgression for profile shifts is possible but will require
careful progeny selection to maximize expression.
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